Aramid fibres show elongated microvoids parallel to the direction of the fibre axis, resulting in an equatorial streak in the small-angle X-ray scattering (SAXS) pattern. The scattered intensity in the equatorial direction has been measured for three samples of the same fibre: an untreated yarn specimen, yarn in which Ag2S was precipitated and a single filament of the latter. In the case of the untreated yarn, the interpretation of the SAXS pattern is hindered by the presence of residual water in the voids, resulting in a three-phase system. The SAXS pattern of the yarn with precipitated Ag2S follows the theoretical pattern (adapted for the two-dimensional case) for a system with random pores, but the interface between aramid and Ag2S shows fractal properties. The single filament with Ag2S shows a SAXS pattern analogous to that of the fibre with AgzS, indicating that multiple scattering and interfilament scattering is negligible. It was also found that the Ag2S precipitates in the fibre with preferred orientation.
I. Introduction
Aramid fibres are high-modulus/high-strength fibres useful in many technical applications. They are spun from a liquid-crystalline solution of poly(pphenyleneterephthalamide) in sulfuric acid by an air-gap spinning technique. The crystal structure of this highly crystalline material has been described by Northolt (1974) . The presence of microvoids, elongated in the fibre-axis direction, gives rise to an equatorial streak in the small-angle X-ray scattering (SAXS) pattern (Dobb, Johnson, Majeed & Saville, 1979) . We have studied the intensity of this equatorial scattering in order to characterize these microvoids.
Experimental
Commercially available Twaron ® aramid fibre (1680f1000-1000 filaments) was used for the investigations. Part of the yarn was subsequently immersed in a concentrated solution of NazS and of AgNO3 and once again in a solution of Na2S for two weeks.
This resulted in tile deposition of Ag2S in the voids of the fibre. The fibres were mounted in a Kratky camera with the fibre axis parallel to the long dimension of the direct beam, so that only the equatorial scattering was measured. A single filament of the fibre with AgaS was mounted in the same way. An MBraun linear position-sensitive detector was used for the measurement of the scattered intensity. The sample-to-detector distance was 39.05 cm and Cu Ka radiation was used. The typical exposure time is 1 h.
Data reduction was performed using a group sizing program and corrections for background and absorption were applied. Further data treatment was performed using the computer programs of Vonk (1976) . Since the scattering originates from the equator only, no slit-length desmearing was necessary.
Theory
Debye and co-workers calculated the scattering of a dense porous system (Debye, Anderson & Brumberger, 1957) . The expression for the scattered intensity, adapted for the two-dimensional case (equatorial scattering), is given by Thomas, Cohen & Frost (1986) and Cohen & Thomas (1988) :
where h = 4rsin0/A and 20 is the scattering angle, a is the wavelength of the radiation used, c is the volume fraction of the pores and a is the correlation length, which is characteristic for the correlation function y(r) = exp( -r/a). The specific length in the cross section of the filament (analogous to the specific surface) is given by
If the pores are homogeneously distributed through the material, the mean chord intercept length of the pores is given by (Blundell, Longman, Wignall & Bowden, 1974) 
Lc = a/(1 -c).
(
The correlation length a is found from a plot of I-2/3 versus h 2 with a = (slope/intercept)-1/2 (4) 0021-8898/91/050709-03503.00 © 1991 International Union of Crystallography Bale & Schmidt (1984) have shown that a fractal surface can be recognized in the SAXS pattern when the end slope a in the log(/) versus log(h) curve is higher than -4. The fractal dimension D is then given by D = 6 + a. For the two-dimensional case a fractal surface is found when the end slope t~ is higher than -3. The fractal dimension of the interface is then given by D = 5 + a.
(5)
Results

Untreated aramid yarn
The SAXS pattern of the untreated aramid yarn is given in Fig. 1 . A Debye plot (I-2/3 versus h 2) did not show any straight part, neither did a Guinier plot [In(/) versus h 2] (Guinier, 1939) . The slope in the log(/) versus log(h) plot varies from -5 to about -1.5. No straight parts in the log-log plot extending over more than one decade in h can be found. An explanation for this behaviour has not yet been found, but may be the result of the fact that we are dealing with a three-phase system: aramid (crystalline density 1.53 g cm-3), water and void. In addition, interfilament interactions may affect the scattered intensity distribution (Shioya & Takaku, 1986) . Since this SAXS pattern did not give any useful information it was decided to precipitate Ag2S into the fibre.
Aramid yarn with Ag2S
It is well known that Ag2S is easily precipitated in aramid fibre. It is currently used for the characterization of voids by electron microscopy. It is also well suited to SAXS experiments because the square of the electron density difference between aramid and Ag2S is much larger than that between aramid and water or aramid and void. So the system is reduced to a two-phase system. Fig. 2 shows a Debye plot of the observed SAXS scattering. The correlation length found is 36 A. From weighing the fibre before and after the precipitation, the volume fraction of pores filled with Ag2S was found to be 0.0129. This gives a specific length L/S of 2.5 x 10 -3 .~-1 At very small angles the intensity deviates from the straight line in the Debye plot. Debye et al. (1957) could in some cases calculate a 'second' correlation length from the difference between calculated and observed intensity. We also found a straight line in the Debye plot of the difference intensity, but as this line passes through the origin no second correlation length could be calculated. Fig. 3 shows the log(/) versus log(h) plot. The end slope was found to be -2.8. This was confirmed by plots of lh 3 versus h and of Ih 28 versus h. This end slope corresponds to a fractal surface with a fractal dimension D = 5 + a = 2-2. We believe the small-angle X-ray scattering from this sample is only due to the density difference between Ag2S and aramid and not due to any voids in the Ag2S itself. Arguments for this are found from transmission electron microscopy and electron diffraction: using very large magnifications (up to 60000 x ), the AgES particles were found to be internally homogeneous and in many cases showed good single-crystal diffraction patterns. Furthermore, the wide-angle X-ray fibre diffraction pattern shows very sharp AgES peaks, which would not be the case if the AgES phase consisted of very small crystallites.
All the voids observed in the electron microscope were found to be filled totally with AGES, so that the fractal surface must correspond to the polymer-AgES interface.
It is not useful to calculate a mean chord intercept length of the pores from the correlation length, since transmission electron microscopy shows that the pores filled with AgES are not homogeneously distributed in the filament cross sections. Especially large voids are found in the skin and the centre of the fibre (20-500 nm), whereas a dense system of micropores (< 20 nm) is found in the region between skin and centre.
Single filament with AgES
The scattering pattern of the single filament in which Ag2S is precipitated is very similar to that of the yarn of aramid fibre with Ag2S (Fig. 3) . The correlation length found is 52 A and the fractal dimension derived from the end slope is 2.6. Because of the low intensities involved, the latter value may not be very precise. Although these values differ from those of the yarn, it must be remembered that during spinning of the fibre every filament originates from an independent orifice in the spinneret and so the SAXS results of the yarn are an average over 1000 filaments.
At small angles the SAXS curves of the single filament and the yarn are equal. This implies that for the yarn the effects of multiple scattering and inter-filament scattering (Shioya & Takaku, 1986 ) are negligible.
Preferred orientation of the precipitated AgES
The wide-angle diffraction pattern of the yarn in which AgES was precipitated shows some special features: besides Debye-Scherrer rings of AGES, a very intense and well oriented -1,0,3 AgES diffraction arc is found on the meridian, together with arcs from AgES crystal planes of the -1,0,3 zone on the equator. With respect to this, it is worth noting that the S atoms in AgES (acanthite, monoclinic) form a body-centred-cubic arrangement with the faces of this cube almost parallel to the (103), (121) and (121) planes of the monoclinic crystal (Frueh, 1958) . Reversal of the impregnation sequence did not lead to any different preferred orientation. So it seems that AgES crystal growth in the voids is a very controlled feature, probably by interaction of the sulfide ions with the polymer chains at the interface.
